Abstract The rise and uncertainty in energy prices in recent years has widened the solution search space by industry to understand the full impacts on operations and to develop a range of workable solutions to reduce risk. This has involved companies exploring alternative approaches to co-create solutions with different groups comprising varying intellectual capital, e.g. consultants, NGOs, and academia. This paper presents the small-scale transdisciplinary process adopted by Nestlé UK in partnership with the University of Surrey as part of an Engineering Doctorate (EngD) programme to co-develop a heat integration framework to improve the energy efficiency of a confectionery factory. The small-scale cocreation process-between industry and academia-for a heat integration framework is described and includes a set of criteria to evaluate the effectiveness of the process. The results of the evaluation process and a reflection of the key challenges and implications faced when trying to implement a smallscale transdisciplinary process are reported which covers the role of an EngD researcher as a manager, facilitator and researcher, time management, finance, communication, knowledge integration, mutual learning, and conflict. Some of the key recommendations for industrial practitioners include: actively engaging in the transdisciplinary process on a consistent basis, staying open minded to developing a solution even when there is a lack of progress, and building relationships with academics by supporting university activities, e.g. lecturing, research projects and funding proposals. For scientists, PhD students, research institutes, and private and public R&D, some of the key recommendations include: communicating expert knowledge to a few points rather than opening out into a lecture, contributing to the transdisciplinary process even if it is on a non-expert level but provides objective and critical input, and visiting industrial sites to gain exposure to industrial problems first-hand. Overall, the range of recommendations provided can help both industrial practitioners and scientists, especially doctoral students seeking to operate in the industry-academia domain on a small-practically manageable-scale.
Introduction
Sustainable manufacturing has gained much interest and traction in recent years as a pathway to address the sustainability challenges of manufacturing operations in an integrated approach from a local to global level (OECD 2011; ManuFuture 2004; MAS 2008) . However, as always with sustainability the interplay between scales and dimensions-economic, social and ecological-is complex, creating problems which are no longer effectively solved in the realm of individual disciplines or even through a multidisciplinary approach. As such, the proponents of sustainable manufacturing, therefore, advocate a transdisciplinary approach where complex, societally relevant real-world problems are addressed from the involvement of many stakeholders-both in science and practice-who have different perceptions of the problem, different ideas about solutions, and who each contribute their own knowledge and expertise in a collaborative, integrative and mutual learning process that transcends their own traditional disciplines and experience to form a shared robust solution (OECD 1998; Thompson et al. 2001; Max-Neef 2005; Choi and Pack 2006; Scholz 2011; Lang et al. 2012; Scholz et al. 2014) . One such definition of transdisciplinary is the Zurich 2000 which was developed from the participation of 500 researchers and 300 practitioners in a conference setting in Zurich in 2000, defined as follows:
''Transdisciplinary research takes up concrete problems of society and works out solutions through cooperation between actors and scientists.'' (Scholz and Marks 2001) .
The implementation of transdisciplinary research has taken place for different problem contexts, e.g. phosphorus management (Scholz et al. 2014) , healthcare (Gordon et al. 2013) , regional development (Totzer et al. 2011) , sustainable sanitation (Mitchell et al. 2013) , and organic farming (Aeberhard and Rist 2009) . However, the application across different aspects of sustainable manufacturing has not been extensively covered in the literature (Scholz and Stauffacher 2007) . Despite this, there are common features across transdisciplinary processes that have the potential to be applied including: defining the problem in a joint approach, developing a common language to address the problem, mutual learning, knowledge integration, capacity building, consensus building, and mediation (Scholz 2011; Lang et al. 2012) .
Sustainable manufacturing is a relatively new concept and has emerged from the environmental problems of the 1980s which has led to the growing awareness and management of environmental performance of manufacturing operations (OECD 2011 (OECD , 2009 ). Today, there are various definitions and frameworks of sustainable manufacturing which can vary in scope and breadth from machine level (Jawahir et al. 2009 ), facility level (OECD 2011) and supply chain level (Jayal et al. 2010 ) and can cover a range of environmental, social and economic considerations. Despite the variety, there are common areas of focus. For example, at a local-factory level-there is often a strong focus on energy efficiency driven by a need to reduce energy costs but also to reduce carbon footprint. Energy costs have been rising in recent years and within manufacturing this can be a significant contribution to the overall cost of the process. Thus, there are both financial and environmental incentives that explain why energy efficiency has often taken centre stage within sustainable manufacturing. In addition to energy there are many other areas of concern that include water, waste, and supply chains as part of a sustainable manufacturing framework.
One of the largest manufacturing sectors in the world is the food industry. The reason for the scale of the sector is simple; there are 7 billion people in the world who are recommended to consume on average 2000 kcal daily (GDA 2014) . This requires a sophisticated and extensive supply chain from producers to consumers, and the food industry also has to have a high level of trust from the public. Over time, a global food system has developed which is highly complex and broad with hundreds of thousands of products across different categories, e.g. rice, beverage, cereals, and confectionery, available to the consumer in retail outlets. The diversity of food products has resulted in dedicated food factories to manufacture specific product categories, e.g. coffee factory or confectionery factory, to optimise process performance and avoid cross-contamination. In the UK, there are 9625 food factories which primarily produce food products for the UK, accounting to about 12 % of energy consumption by UK businesses (DEFRA 2006 (DEFRA , 2013 .
There are various ways food factories have sought to reduce energy consumption which largely follow the energy hierarchy (IMechE 2009) but are implemented by different strategies (Pepsico 2012; Kraft 2011; Cargill 2012) . The difference in implementation strategy is because different options for increasing energy efficiency have varying levels of complexity, ease of implementation and financial costs. Nonetheless, the energy hierarchy outlines a guide to reduce energy use and move towards renewable energy and, therefore, low carbon. Ideally, the first approach should be a redesign of the product to be more energy efficient in the manufacturing process through life cycle assessment (ISO 2006) and design for sustainability (UNEP 2009) as the product and its associated processing determine the energy consumption. However, this approach requires considerable time in terms of research and development (R&D) to implement but can offer energy reductions in the long term. A common approach which is more simple and quicker in terms of realisation of benefits has been through capital investment to install, retrofit or replace equipment and machinery that have lower energy efficiency. Such an intervention, could also lead to a restructuring of production lines that are more energy efficient. Another approach is through behavioural changes by providing training and real-time energy data to factory operators as an input to change their behaviour that is pro-environmental. However, the effectiveness of this approach is variable as ongoing training is required due to what can be a highly dynamic and transient workforce. Finally, another approach is known as heat integration. This is the recovery and reuse of heat in production processes to design the most energy efficient heat exchanger network and, therefore, size the renewable energy system. In heat integration the aim is not necessarily to replace existing equipment but to redesign the distribution of heat so as to make sure that as little as possible is wasted. This approach requires an analysis of the existing distribution system so as to identify the best options for change and one approach for doing this is known as Pinch analysis (Linnhoff et al. 1982; Kemp 2007) . A pinch study is typically done after the former two approaches (retrofit/replace and training) have been considered and implemented.
Overall, the implementation of these different approaches is complex and requires a multi-faceted strategy to ensure that the activities at different levels of implementation at a factory are directed towards the goal of maximum energy efficiency. Implementation requires knowledge of the engineering, economic, management and training dimensions, amongst others, and how they interact, and a company will not necessarily have all of this expertise 'in house'. A transdisciplinary approach offers an effective means to develop a robust solution by bringing together stakeholders from both the industry and academia domain to reconcile the theory and practice and develop a shared solution that goes beyond the company and academia to benefit wider industry, academia and society. However, the mechanics and challenges of adopting a transdisciplinary approach in such circumstances have not been covered to any extent in the academic literature (Mattor et al. 2014; Muhar et al. 2013; Totzer et al. 2011; Aeberhard and Rist 2009) . A number of mechanisms are possible, for the implementation of a transdisciplinary-based intervention in such a context, including consultancy of course, but one of the options to help facilitate a more sustained and longer term engagement is via a research student located in a company on a full-time basis. This is the model at the heart of the study reported here, but is one that has received very little, if any, attention in the transdisciplinary literature (Mitchell et al. 2009 ). This is a big topic, and to provide some focus this paper will explore the transdisciplinary process as it relates to improving and maximising energy efficiency of a food factory in the UK. The following are the specific questions that helped guide the design and evaluation of the transdisciplinary process: a. What is the timeframe for creating knowledge between industry and academia? To address these questions, this paper summarises and analyses the small-scale transdisciplinary process adopted by Nestlé UK in partnership with the University of Surrey to codevelop a heat integration framework to improve the energy efficiency of a confectionery factory as part of a multi-faceted sustainable manufacturing framework. The aim of the paper is to show how the small-scale co-creation process-between industry and academia-of a heat integration framework was designed and evaluated based on a set of criteria to ensure an effective and successful process, and how this process was facilitated by a research student acting as 'champion' of the transdisciplinary process. The paper starts with an overview of the sustainable manufacturing framework and how a smallscale transdisciplinary approach was sought and designed to investigate how to maximise energy efficiency of the food factory in ''Design and organisation of the small-scale transdisciplinary process''. A set of criteria are presented in ''Method and criteria to evaluate the small-scale transdisciplinary process'' to evaluate the effectiveness of the transdisciplinary process followed by the evaluation results and the benefits to the company and science shown in ''Results''. This is followed with a discussion of the key challenges and implications faced when trying to implement a small-scale transdisciplinary approach supplemented by a range of recommendations in ''Discussion'', before the conclusions are given in ''Conclusions''.
Design and organisation of the small-scale transdisciplinary process
Background to the formation of a small-scale transdisciplinary process
In the food industry, the reality of adopting a transdisciplinary approach is very challenging due to the range of actors, protection of competitive advantage, diversity of Sustain Sci (2015) 10:621-637 623 food products, importance of safety and scale of operations, i.e. global to local. This can generate a sense of risk when it comes to proposing and implementing changes that may disrupt normal operations. As such, a recent trend towards sustainable manufacturing has been to create pilot projects for encouraging comparatively high sustainability performance across a company's multiple manufacturing sites (Ecover 2013; Frito-lay 2011; Arla Foods 2014; MAS Intimates Thurulie 2011; Renault-Nissan 2012) . These pilot projects offer the opportunity to test new ways of working and approaches like transdisciplinary research while at the same time doing so within a defined and controlled context. One of the largest food manufacturing companies in the world-Nestlé-through their subsidiary in the UK is adopting a pilot approach to sustainable manufacturing. As such, the research presented in this paper is based on an evolving sustainable manufacturing framework called 'Lighthouse' by Nestlé UK at a key confectionery manufacturing site located in the North East of England (Nestlé UK Ltd 2013; Miah et al. 2014a ). The Lighthouse model has six 'pillars' towards achieving sustainability goals of the company, which include; energy, water, waste, natural capital, value chain, and people and community. The principle aim of Lighthouse project is to lead and inspire the rest of Nestlé UK factories towards sustainable manufacturing; across the six 'pillars'. The Nestlé confectionery factory in the North East of England was selected to act as a 'blueprint' for sustainable manufacturing because the factory had the highest potential to share learnings across the UK due to the complexity of operations and diversity of products that can be found in smaller forms at other factories.
The main approach to achieving the aim of Lighthouse and the different pillars is to pilot new approaches and technologies and seek the support of like-minded organisations that shared the Lighthouse aims. Therefore, as part of the initial project development, several partners with different purposes and functions were identified that aligned with the project aim and could support the project development and delivery. This included internal experts across the globe, consultants, local and national NGOs, charities, research institutes, local and national government, and academia. However, in terms of adopting and piloting a small-scale transdisciplinary approach Nestlé decided to partner with the University of Surrey to develop their learning experience, people capabilities and understanding of the implications of reproducing a small-scale transdisciplinary approach across other factories. This was initially done as part of the energy pillar and separate to the whole Lighthouse model. The partnership with the University of Surrey was favoured as they had an award winning Industrial Doctoral Centre (IDC) specialising in sustainability for engineering and energy systems (SEES) with over 20 years of experience interacting and co-generating sustainability knowledge with industry by a transdisciplinary approach (UoS 2014). The IDC recruits, manages and funds a number of Engineering Doctorate (EngD) students each of which are based in industry on a full-time basis, except for the occasional supervisory meeting and taught modules at the university, typically for 4 years. At the same time, the IDC SEES is hosted in the Centre for Environmental Strategy (CES) which comprises a diverse group of academics working together in the field of sustainability, e.g. engineers, environmental scientists, economists, psychologists and social scientists. As such, the IDC SEES is supported by an interdisciplinary team that can be drawn upon for specific issues and expertise which can contribute to the small-scale transdisciplinary process. The EngD model was attractive to Nestlé UK given the complexity of Lighthouse and the need for sustained engagement over a period of years rather than reply on short-term consultancies with academics, etc. The key questions for both the company and the IDC SEES were whether an EngD student could facilitate the transdisciplinary process and how it could be achieved?
Overview of the small-scale transdisciplinary process
The development of a novel small-scale transdisciplinary process ( Fig. 1) presented here is based on the global transdisciplinary process for sustainable phosphorus management (Scholz et al. 2014) . The process starts with science and industry coming together on a shared 'ill-defined' problem-unsustainable food factory-where in a joint approach strives to develop in a collaborative, integrative and mutual learning process a shared robust solution towards a common goal-maximising energy efficiency of a food factory.
The key features of the small-scale transdisciplinary process are as follows:
1. Small-scale application involving a small number of people from the science and industry domain. This is important because complex problems do not always require large groups of stakeholders to resolve, especially at a local or regional level. 2. The role of an EngD researcher which acts as a transdisciplinary champion; main researcher and facilitator. The EngD researcher acts as the main interface between industry and academia to principally drive progress towards the sustainable delivery of products and services. The integration of knowledge and mutual learning process takes place via the EngD researcher. 3. A core sequential transdisciplinary process that follows conventional problem-solving approaches, which includes; shared 'ill-defined' problem, problem specification, generating ideas, solution development, application, and dissemination of knowledge. A conventional problem-solving approach is adopted as it is utilised in both the science and industry domain. 4. A core multidisciplinary supervisory team which provides the main representation and knowledge from both the science and industry domain and forms the core transdisciplinary team. The exchange of knowledge is primarily driven via the EngD researcher. 5. A range of temporary transdisciplinary participants that form the transdisciplinary team either from physical or virtual interactions. A key role of the temporary participants is to provide informal advice when sought upon by the EngD researcher.
The above features, implemented as part of a small-scale transdisciplinary process, provide a holistic approach for developing a robust solution to maximising energy efficiency of a food factory. Some of the key features are further described in the following subsections.
The transdisciplinary champion and transdisciplinary team
The main vehicle for the co-generation of sustainability knowledge is through the IDC SEES EngD programme by embedding a researcher in a company on a near full-time arrangement. The EngD researcher acts as the transdisciplinary champion forming the main interface between industry and science to principally drive progress towards the sustainable delivery of products and services.
In addition to the transdisciplinary champion, the people who formed the transdisciplinary team were the core multidisciplinary supervisory group of the EngD project which were seven people in total that had not worked together before. There was also a range of people who participated to provide informal advice which was sought by the EngD researcher. The team members had varying level of involvement, initial transdisciplinary knowledge and experience for carrying out the small-scale transdisciplinary process, see Table 1 .
The process to manage and effectively utilise people's time was to first determine and understand the existing commitments to ascertain time availability of the transdisciplinary team members for example; lecturing duties, research projects, company-led projects, day-to-day routine tasks, and planned holidays. This was followed by gaining further insight to the calendars of the transdisciplinary team members. Since the researcher was based full-time at the company facilities and for all intents and purposes was regarded by the company as an employee, they had access to the industrial supervisors' calendars through Microsoft Outlook. For the academics, this was not possible due to the different working domains and access rights. However, since academics operate within the teaching cycle it was possible to determine general time availability followed up with a confirmation of availability.
Over the course of the transdisciplinary process which spanned 2 years and 2 months, there were eight physical meetings that on occasions lasted up to 4 h; six based at the Nestlé confectionery site and two at the University of Surrey. The minimum physical attendance to justify a meeting was three people; researcher, one academic and one industrialist. This was to ensure both academia and industry were represented and to also pass quorum. The researcher chaired the meetings as they were responsible for conducting the research. Early meetings were spent discussing the current state of sustainability at a factory and company level, possible focus areas for the researcher based on new and existing company projects and ways of working. For the academics, they were interested in Nestlé factory departments provide informal advise across a number of areas; engineering, finance, production, SHE, and quality Low Low supporting Nestlé's sustainability strategy and initially focusing the project on tangible research areas that had concrete benefits for the company. For the company, the research process was new and wanted results that added value to the factory and company. Over time as the researcher became more familiar with industrial needs and practice the meetings became more structured to discuss specific matters, e.g. Pinch analysis. The meetings would close with a set of actions agreed from both industry and academia. For future meetings, different members of the transdisciplinary team joined by physically attending or through teleconference.
Core sequential transdisciplinary process
The transdisciplinary process is centred on a core sequential problem-solving process that is managed by the transdisciplinary champion. The process starts from: shared 'ill-defined' problem, problem specification, generating ideas, solution development, application and dissemination of knowledge. The features of the process that differentiate from general problem solving are:
1. Joint problem definition from both science and industry 2. Knowledge integration from both science and industry 3. Mutual learning from both science and industry Joint problem definition from both science and industry The process environment to jointly define the shared 'ill-defined' problem was through several meetings due to the availability of people and size of the transdisciplinary team. This involved familiarisation with the shared 'illdefined' problem, developing a project direction, goal setting and creating a terms of reference for working. This was important because it provides a forum for articulating differing views to be reconciled and aligned from members of the transdisciplinary team by sharing and discussing their vision for the project. The initial focus of the project was on energy as Nestlé factory was interested in learning about different approaches to reducing energy that were practical. As a company, Nestlé UK were achieving progressive energy reductions every year of 3 % as part of the company commitment to reduce energy. As such, they were interested to understand what the lowest energy reduction is practically possible for a factory. For the academics, they were interested in the impact and reproducibility of such measures across wider industry and originality in the academic discourse on energy.
Any disagreement voiced by team members was addressed during the physical meetings or absorbed by the transdisciplinary champion informally. The time management of people was an important dimension in this stage to ensure the participation and representation of the core team members.
Knowledge integration and mutual learning from both science and industry The process to integrate knowledge and mutually learn from both the science and industry domains took place at each stage of the core sequential problem-solving process via the EngD researcher. Both the science and industry domain contained different 'knowledge sources' which were utilised to establish the research focus, develop and apply the solution, and then disseminate the knowledge. For example, the initial search for ideas took place in a number of ways, e.g. through:
• Researcher conducts full literature review and presents back to transdisciplinary team.
• Researcher engages with academic and industrial supervisors on a separate basis from preliminary literature review.
• Researcher engages with people outside of the transdisciplinary team, e.g. industrial practitioners, academic staff and friends.
• Academic supervisors share their knowledge and experience of the field to the researcher and/or transdisciplinary team.
Through discussions over several earlier meetings and informal face-to-face discussions with academic supervisor 2, industrial supervisor 1 and 2, it was established the research would focus on heat integration. The process of establishing the research focus was through relationship building, mutual learning and consensus building which were all intertwined. This took place in a variety of ways, including; presentations to share preliminary research to build collective knowledge and learning, supporting company and academic exercises/initiatives to develop research skills and experience, networking both in Nestlé and the University of Surrey to draw upon expertise and bounce ideas, and on a personal level getting to know the human side to different members of the transdisciplinary team whether this be over lunch, on the train or at a conference. As a collective, this all helped build a sense of reputation, capability, confidence and trust for any proposed idea and advice coming from different members of the transdisciplinary team whilst minimising any conflict. The process is essentially a four-stage process; (1) establish relationship underpinned by common goals, (2) educate based on facts, reason and experience, (3) inspire by showing what is possible, the benefits to both industry and academia, and how it can be achieved, and (4) build consensus by agreeing on an action plan that is fair and acceptable to all parties.
During the solution development, the proposed idea was further developed to a stage which it can be considered as a proposed solution by the transdisciplinary team ready for Sustain Sci (2015) 10:621-637 627 application. The researcher engaged in further discussion with industrial supervisor 1 and 2 to understand the practical challenges of heat integration in food factories. This also involved discussion with engineers and quality personnel onsite. The progression of the heat integration research was discussed with academic supervisor 2 to ensure the academic integrity and contribution to knowledge. Over time, the heat integration research developed into a heat integration framework that was modified several times that involved the transdisciplinary team, mainly through emails and the occasional telephone call. The driver for the development of the solution was primarily the researcher although advice was sought from various members of the transdisciplinary team.
Method and criteria to evaluate the small-scale transdisciplinary process
The methodology to evaluate the small-scale transdisciplinary process is based on a set of criteria for different parts of the process developed by the transdisciplinary team and from the literature (Mitchell 2009; Klein 2008; Bergmann et al. 2005) . For example, Mitchell (2009) provides a set of quality criteria for postgraduate-PhD-research which contains a collection of ideas for supervisors and students to facilitate high quality inter-and transdisciplinary postgraduate research. However, the criterions proposed are primarily for an academic environment and has limited relevance for industrial applications. In comparison, Bergmann et al. (2005) provides a set of 56 detailed criteria to evaluate transdisciplinary research covering actors, project construction, project formulation, project execution and methodology, results, products and publications. However, no examples of the evaluation of transdisciplinary projects are provided. Similarly, Klein (2008) provides seven general principles to think about when evaluating transdisciplinary research which includes: (1) variability of goals, (2) variability of criteria and indicators, (3) leveraging of integration, (4) interaction of social and cognitive factors in collaboration, (5) management, leadership, and coaching, (6) iteration in a comprehensive and transparent system, (7) effectiveness and impact. Based on the experience and insights from the transdisciplinary team and literature, the following criteria are proposed (Table 2) to evaluate the small-scale transdisciplinary process described in ''Design and organisation of the small-scale transdisciplinary process''.
Results
The results of the evaluation of the small-scale transdisciplinary process are presented based on the evaluation criteria shown in ''Method and criteria to evaluate the small-scale transdisciplinary process'' with the benefits for the company and science.
Results of the evaluation of a small-scale transdisciplinary process
The results of the evaluation of the small-scale transdisciplinary process based on the proposed criteria are shown in Table 3 .
What is new for the company?
The application of the heat integration framework at the Nestlé confectionery factory has informed the factory of the practicalities of applying heat integration and the benefits. For example, in the case study, five heat integration options ( Table 4 ) were developed that can deliver between 3.77-5.72 % energy reduction at a factory level with a total investment of £321,328 and a cost saving between £48,884 and £104,661 resulting in a payback of the cost of the changes between 3.07 and 6.57 years (Miah et al. 2014b ).
The results of the transdisciplinary process has helped the factory understand how specific measures combined, e.g. heat integration, energy efficient technologies, and renewable energy can contribute to the factory's aspiration to become a low-energy factory in a practical and economically viable timeframe.
At a company level, the heat integration research has reinforced the challenges of implementing heat integration in terms of time and resource. As such, there is an informed reservation to implement heat integration projects until measures lower in the energy hierarchy (IMechE 2009) are carried out. Despite this, Nestlé UK are planning to convert the research findings into an internal report to be shared with the UK factory network and the global energy manager responsible for the energy performance of Nestlé's global factory network comprising of 450 factories worldwide.
The interactions with academia has provided Nestlé UK opportunities to learn more about academic thinking on industrial problems within a sustainability context, how to effectively engage with academics in terms of communications and ways of working and build productive relationships. For example, the industrial supervisors were able to learn more about the wider sustainability issues from academic experts by attending academic conferences and how industrial problems are perceived and approached by academics. As a result, Nestlé UK (via the industrial supervisors) has developed a wider understanding of how academia operates and the role of universities from both a societal and industry impact. As such, the industrial supervisors who are essentially the advocates for transdisciplinarity internal to the company are more open to developing and participating in transdisciplinary research projects that aligns with Nestlé's business values and mission. A key behaviour change is adopting a pro-active approach to finding academics via their universities rather than universities seeking industry input.
Overall, the transdisciplinary process has provided Nestlé UK a better understanding of the resources required to participate in a transdisciplinary process and the quality of outcomes.
What is new for science?
The transdisciplinary process has led to the development of a novel heat integration framework that can not only benefit wider industry but also contribute to the science knowledge base on energy efficiency. This is the first attempt to develop and apply a Pinch-based framework which has emerged from the interface between practitioners and academics. The transdisciplinary process shows to scientists that new knowledge can be co-created if they go beyond disciplinary and university boundaries.
The main contribution to science is the theoretical foundations of the heat integration framework which has high industrial relevance and has been published in a topranking energy journal, Applied Energy (Miah et al. 2014b ). Based on this research, further areas of heat integration are being explored which investigate technological interventions for heat recovery and industrial symbiosis. In addition, three Master of Science (MSc) projects have been developed that investigate energy efficiency across different areas of the factory. For the academics involved, which were over a few years, the continuous and active participation has provided a unique opportunity to gain insights into industrial practice and problems from a multi-national company which can shape their own disciplinary research; for example, carrying out research that has a stronger industrial relevance and impact and on a real case study.
In addition, the engagement with industry away from a university environment has enabled stronger and productive relationships to develop with industry that may provide future opportunities to work together. For example, presenting guest lectures to provide an industrial perspective, supporting university-led funding proposals to develop longer term partnerships, supporting MSc placements and MSc and doctoral projects.
Discussion
The small-scale transdisciplinary process adopted between the University of Surrey and Nestlé UK as part of an EngD programme has led to the development of a novel heat integration framework that can contribute to enhancing the energy efficiency of a food factory. The small-scale transdisciplinary process developed includes the full solution life cycle from shared 'ill-defined' problem, problem specification, generating ideas, solution development, application and dissemination of knowledge. The smallscale process was successfully applied at a confectionery factory to maximise the energy efficiency and has the potential to be continued for other focus areas of the Lighthouse sustainable manufacturing framework. This is because the journey of knowledge creation is a continuous one (Elliot 2011) . However, the application in other factories or different manufacturing companies may not be suitable as different sites and companies may require different approaches because adopting a disciplinary, multidisciplinary and interdisciplinary may be more effective (Wickson et al. 2006) . For the case site, it was found that a factory energy reduction between 3.77 and 5.72 % is the highest amount of what is achievable with heat integration. Although the energy savings are lower than expected it is anticipated the application of the framework to other food factories manufacturing different products like coffee and cereal can be higher. This is due to different thermodynamic profiles in terms of temperatures of streams and the size of heating and cooling utility. Despite this, the analysis has informed the Nestlé factory sustainability plans in their aspiration to move towards a low-energy site.
The results of the evaluation of the small-scale transdisciplinary process based on 18 criteria are shown in Table 3 . The evaluation shows that the small-scale transdisciplinary process has been effective in developing a robust solution that benefits both academia and industry. However, some of the areas which required further improvement was increasing the coverage of expertise and experience of the problem within the transdisciplinary team and progressing in a practical and timely manner. Despite this, the coverage of expertise and experience led to a solution and it is expected that future applications of the small-scale transdisciplinary process would lead to a solution in a much shorter time of 2 years and 2 months due to experience and knowledge. Overall, the evaluation process provides empirical evidence of how a transdisciplinary process can be evaluated which is lacking in the literature (Mitchell 2009; Klein 2008; Bergmann et al. 2005) .
The timeframe to implement the small-scale transdisciplinary process took 2 years and 2 months, which is a significant commitment from all concerned. In total, eight physical meetings took place. The location of the meetings varied between the Nestlé factory and the University of Surrey. This served two purposes; one was to respect the travelling involved to meet and another was to provide context for the research. One of the reasons for the length of the transdisciplinary process time was that the length of time needed to carry out the transdisciplinary process was unknown at the beginning. This is because the transdisciplinary team was embarking on a research agenda that was new and in general conducting research does not always lead to a positive outcome for everyone involved. But even so, a commitment of over 2 years may be difficult for some companies, especially when the ultimate benefits may be uncertain.
During the process of generating ideas, conflict did arise in the small-scale transdisciplinary process in terms of the project direction, research philosophy and focus. For example, the transdisciplinary team started with eight members but over the course of the process a core team evolved that had a medium to high involvement (Table 1) . The lack of involvement from other members can be attributed to existing work pressures, constraints and difficulties over limited resources and priorities for engagement (Mitev and Venters 2009) . Despite this, the core group of people gained a much stronger influence over the project direction and progress primarily from the time invested compared to people with low to medium involvement. As such, when the members of low to medium involvement engaged and participated there was not only a project progress update which, respectively, took time but also the interjection of new ideas and suggestion which encroached on being disruptive to the small-scale transdisciplinary process, despite the good intention. Therefore, one of the measures taken was to recognise the input of team members of low to medium involvement and then for the core team in subsequent meetings to consider the value of input going forward based on an increase involvement of the team member to promote their ideas with higher conviction.
The level of resource to carry out the small-scale transdisciplinary process in terms of people was high as a total of eight people were involved. In terms of costs, it is not possible to break down contributions as Nestlé UK are sponsoring a 4-year EngD project with the University of Surrey and EPSRC. As such, the cost involved is contributed to by EPSRC, a UK-government funded agency, and Nestlé UK. The role of EPSRC, a funding agency was important to the creation of the transdisciplinary project and further supports the role of funders for driving transdisciplinary research (Harris and Lyon 2013) . There was also some subsidy in the sense that the time of the academics involved in the project was not costs as such. In addition, companies embarking on R&D activities are eligible for tax credits up to 65 % of costs (Deloitte 2013) . In total, for the timeframe of the transdisciplinary process the total cost is approximately £68,000 which includes the researcher stipend and travelling involved of supervisors and researcher to meeting locations, but not the time of all those involved. For Nestlé, the economic cost structure is attractive and provides less internal challenges for pursuing a transdisciplinary process. Some of these internal challenges include value for money and business alignment. A key component to the small-scale transdisciplinary process was the sharing of information and data openly between Nestlé UK and the University of Surrey. Much of this open communication was due to the non-disclosure agreement developed as part of the EngD project that provided legal protection from sharing any confidential and commercially sensitive information and data. This is an important consideration not often mentioned within transdisciplinary research where the private sector is involved (Harris and Lyon 2013; Orrecchini et al. 2012) . Clearly much of the exchange can be commercially sensitive, and companies can be nervous about their 'image' in the eyes of consumers and will be reluctant to release information that may be interpreted negatively. This is especially so for food companies and great care needs to be taken, especially as academics operate in a cultural space where transparency and freedom of speech are the norm. As such, one measure taken was to create an internal company review process for any external communications based on the research, e.g. publications and presentations. For example, no specific data referencing specific products, people and factories are to be reported externally without company approval.
The EngD researcher played a key leadership, management and governance role in the small-scale transdisciplinary process acting as the conduit and agent between industry and academia and vice versa, and thus acted as the centre-point, buffer and driver ('champion') for the process. However, Totzer et al. (2011) found that adopting a mixed role can be confusing for participants. Despite this, the researcher did not experience any confusion from participants since the project was much smaller in scope. In addition, the researcher was embedded in the organisation at the Nestlé factory on a full-time basis, i.e. spending 40 h a week on-site across the year which allowed the researcher access to resources for example people and data more readily than a conventional doctoral student based at university. As such, the researcher was able to network and manoeuvre within the organisation with a high level of autonomy which exposed the researcher to different industrial practice, thus the needs and, therefore, gaps could be communicated with the transdisciplinary team to consider exploring further. In effect the EngD researcher became an 'insider' in both the company and the university in a way that is very challenging for a consultant to achieve. An element of trust and familiarity was established that allowed the researcher to gain access to views and insights that would have been difficult under short time periods. For example, Harris and Lyon (2013) found that building trust required working over extended periods of time to establish common norms and values where the 'honeymoon integration' period can be in the order of years. In comparison to other transdisciplinary projects, the 'champion' role can vary for projects that are much larger in scope in terms of number of partners involved (Gray 2008) . The characteristics, attitude, and behaviour of the transdisciplinary champion play an important role. For example, one of the key behaviours of the transdisciplinary champion is the ability to facilitate, probe and extract information in the form of perspectives from the members of the transdisciplinary team and from the different people the researcher interacted within industry and academia. However, a major limitation to demonstrating this behaviour was the competence of the researcher to understand, empathise and familiarise the needs of both industry and academia due to learning time and the different language used by different members of the transdisciplinary team, for example thermodynamic profile, CAPEX, and production cycles. In addition, some of the other characteristics and attitudes include: the ability to be flexible and accommodate members of the transdisciplinary team, a high level of organisations skills to keep track of progress and literature searches, the ability to communicate to a range of audiences, the patience to wait for people to come back to you in a reasonable timeframe to drive progress, the confidence to manage and challenge people who are most likely more educated and experienced both in a professional capacity and life experience, the ability to capture team members views with respect and value, the exercise of good hospitality when required. Despite the possible skill set described here, the project goal and number of groups and people involved in a transdisciplinary process will influence the effectiveness of the transdisciplinary champion and what is required of them.
Similar to PhD students, the EngD researcher works under certain constraints which can influence their effectiveness in the transdisciplinary process. For example, the main goal of a doctoral student is to carry out high-quality research which will enable the award of a doctorate. Much of the time progressed through a doctorate can be spent reading papers, writing progress reports, attending taught modules, attending local, national and international conferences, helping academic supervisors with tutorials and lectures and writing academic papers. As such, the researcher is faced with the challenge of balancing their academic responsibilities whilst acting as a transdisciplinary champion. At the same time, there is a risk and fear that the scientific products from the transdisciplinary process may be delivered later than expected which could delay the dissertation write-up and thus the award of a doctorate (Lang et al. 2012) . To do both, the time management of the researcher is highly important so that the researcher is not overloaded and comes under unnecessary stress or pressures. Therefore, it is recommended that doctoral projects that are transdisciplinarity seek students who have previous exposure or direct experience of project management.
An alternative vehicle for a transdisciplinary champion may be an external PhD, consultants or an internal company personnel or academic. However, there are key differences to an EngD that could diminish the effectiveness in acting as the transdisciplinary champion. For example, the key differences between an EngD and external PhD is the length of time spent in industry, the recognition as being part of the company team and support from an industrial doctoral training centre. This is important because the time spent and recognition allows relationships to be built and to develop a better understanding of company culture and processes. In comparison to consultants, the key differences are the high financial cost required to implement and the agreement of specific project outcomes. However, specific project outcomes are not always known with transdisciplinary projects and can result in costs escalating. Despite this, the quality of service is higher as consultants have expertise in their respective areas whereas EngD and PhD researchers are still learning and the quality of service may thus be variable. Overall, both the EngD and external PhD researcher can provide a higher degree of impartiality which is an important feature of transdisciplinary processes compared to a consultant or someone internal to the company or an academic. This is primarily due to the employment status and funding arrangement where an EngD and external PhD researcher are naturally positioned in the middle of industry and academia working domain and are, therefore, compelled to ensure both industry and academia are represented and benefit from their research in terms of value for money. In comparison to someone internal to the company or an academic, there will be additional pressures from their respective working environments which may reduce the quality of time involved. For example, a company may deem external research projects as low risk which does not become a company priority to complete as soon as practically possible. For academics, they may be involved in several research projects where their time, amongst others, is distributed and prioritised based on generating outputs that can achieve their respective institutional annual assessments, if not enhance their reputation as an academic.
In addition, the interaction between academics and industrial practitioners will naturally result in some form of consultancy which is unpaid but not in the traditional sense. For example, conventional consultancy involves the development and implementation of a Service-Level Agreement (SLA) between a consultant and company (client) to deliver specific outputs for an agreed economic cost. On this basis, it is very hard for consultants to genuinely enter and carry out a transdisciplinary process due to project scope changing. For consultants to be considered as part of the transdisciplinary process in the form of a transdisciplinary champion they would need to have a high level of trust from both academia and industry. In addition, consultants would need to demonstrate they have developed the competence gained from the experience of being part of, if not centrally involved in carrying out previous transdisciplinary processes. The transdisciplinary champion role is not the same as a project manager and the consultant should view the role as being closer to that of facilitator. However, given the working philosophy of consultants in reality, e.g. moving from project to project, the development of the competence of carrying out transdisciplinary processes is unlikely to happen. However, to promote objective input and facilitate a high degree of challenge, one method for using consultancy as part of a transdisciplinary approach is to invite consultants that have complementary and similar skills. One of the benefits of using consultants that will offer similar input is that they are more likely to challenge each other and less likely to propose actions that would provide a disproportionate value to themselves. As such, consultants should, therefore, seek to be involved in transdisciplinary processes on a pro bono/low cost arrangement to help build transdisciplinary competence.
One of the major barriers to carrying out the small-scale transdisciplinary process was physically bringing together all the members of the transdisciplinary team. This was because the people involved were all respected senior individuals both in industry and academia that held roles with a range of commitments. This was also affected by the logistics and practicalities of physically bringing people together. For example, the distance to Newcastle and Guildford is approx. 300 miles which requires 5 h and 30 min to travel by train or 1 h 20 min by plane followed by travel to the meeting location. As such, a physical meeting would entail the transdisciplinary team member to allocate a full day to physically participate. In addition, the researcher attended taught modules at university and was involved in company projects. As such, the involvement of members in the transdisciplinary process varied (Table 1) . Despite this, there were four committed members; two from academia and two from industry that provided continuity to the transdisciplinary process. This was important to develop a solution that benefited both academia and industry and confirms the role of committed members in a transdisciplinary process (Boon et al. 2014) . For academics, the rewards for engagement were centred primarily on the potential for high-quality publications in good journals as this is a key indicator of performance used by universities. For the Nestlé staff, the rewards were an improvement in energy efficiency which had to be proven, and to interact with academia to draw upon expertise to understand the current thinking on energy efficiency.
Another challenge was the reconciliation of the problem-solving environments from the two distinct institutions; industry and academia. The majority of industrial supervisors were chartered engineers and all came from a manufacturing background that naturally held the interest of the company. As such, the manufacturing operational environment is typically highly dynamic, reactive and operates on short timescale to solve problems, e.g. hours and days. In comparison to academia, universities areamongst many other purposes-centres for knowledge creation that operate on longer time frames to develop ideas and solutions, e.g. months and years. A key challenge was to match the delivery time expectations of industry and academia to ensure a consistent participation from all, in particular from company personnel. This primarily took place through informal discussions with team members and at group discussion meetings which were very open and honest to enable the tempering and convergence of views to seek agreement. For example, providing reasonable explanations for lack of progress and explaining how academia operates and more broadly the role of universities in society to company personnel.
The small-scale transdisciplinary process has altered how different members of the transdisciplinary team, in particular those who initially had a low-medium knowledge on transdisciplinary (Table 1) , approach future problems and interact with organisations outside of their own. For example, industrial supervisor 1 is now more proactive in seeking partnerships with various stakeholder groups and universities that align with the Lighthouse model. The small-scale transdisciplinary process has provided the space for individuals to reflect on their working and personal approach which has increased their capability to implement and participate in transdisciplinary processes in the future. In addition to the experience gained by members of the transdisciplinary team, there were complementary methods used to increase the transdisciplinary knowledge and capability by sharing the experience of team members of a high level of knowledge and experience. This could also take place by sharing information of case studies, notable people in the transdisciplinary field, and upcoming events. As such, overall there is a stronger understanding of the benefits and process of embarking on a collaborative process and a desire to develop more meaningful and effective relationships with external groups. For example, the factories approach to developing other pillars in the sustainable manufacturing framework now involves several if not hundreds of stakeholders to contribute to the development of the sustainable manufacturing framework which is now turned into a large stakeholder management. The Nestlé factory has a strong aspiration to develop meaningful relationships with stakeholders that are mutually beneficial and collaborative.
Overall, in the end the small-scale transdisciplinary process has benefited both academia and industry.
Conclusions
This paper presents the design and evaluation criteria of a small-scale transdisciplinary process carried out by Nestlé UK and the University of Surrey as part of an EngD programme to maximise the energy efficiency of food factories. The process has led to the development of a novel heat integration framework that can be applied to other food factories. The small-scale transdisciplinary process has provided a deeper insight to the implementation of the process in reality which includes the size of the transdisciplinary team and the key role of the EngD researcher as the transdisciplinary champion, how the team interacts, the level of resource required in terms of time and money, and how knowledge is integrated through industry and academia. Some of challenges encountered include the reconciliation of problem-solving environments, time management, and disagreement. One of the major barriers was bringing together the transdisciplinary team whether this was through a physical meeting or through virtual communications in email correspondences. Some of the key recommendations for industrial practitioners include: actively engaging in the transdisciplinary process on a consistent basis, staying open minded to developing a solution even when there is a lack of progress, and building relationships with academics by supporting university activities, e.g. lecturing, research projects and funding proposals. For scientists, PhD students, research institutes, and private and public R&D, some of the key recommendations include: communicating expert knowledge to a few points rather than opening out into a lecture, contributing to the transdisciplinary process even if it is on a non-expert level but provides objective and critical input, and visiting industrial sites to gain exposure to industrial problems firsthand.
Alternative approaches to the small-scale transdisciplinary process, such as consultancy and contract research can offer a similar outcome but the process may not be as flexible and efficient. For example, contract research as the name implies requires a contract agreed by both industry and science to deliver upon. In the small-scale transdisciplinary process, the research focus was established after the EngD programme was set up. Even with that said, the proposed small-scale transdisciplinary process may not be suitable for all applications and contexts as adopting a disciplinary, multidisciplinary and interdisciplinary may be more effective. It is recommended that further research be undertaken to evaluate the effectiveness and efficiency of the small-scale transdisciplinary process in different problem contexts and in exploring the post-impacts on members of the transdisciplinary team to understand how they have gone on to implement the principles of transdisciplinary in their roles.
